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These materials exhibit quantum confinement effects when 
their sizes are comparable with the diameter of the bulk 
exciton, leading to split the continuum of electronic energy 
levels into discrete states with an effective band gap blue 
shifted from that of the bulk [7–9].
There are two different synthetic methods for produc-
ing CdTe nanostructures, the organometallic route and 
synthesis in an aqueous solution [10–13]. The organome-
tallic method usually requires hard conditions such as high 
temperature, toxic reagents and solvents, and a rigorous 
process for protecting synthesized nanostructures from 
oxidation, while the aqueous synthesis method requires 
mild conditions and is a simpler one [14, 15]. Compared 
with organometallic route, aqueous synthesis has many 
advantages such as biocompatibility, water solubility, 
environmental friendliness, and low cost [16]. The aque-
ous synthetic approach allows the resulting nanostructures 
to be tuned in terms of their size, shape, and structure on 
the nanometer scale [17]. The capping agent is one of the 
most important factors in the synthesis of nanostructures. 
Some of the commonly used methods for surface passiva-
tion include protection by self-assembled monolayers, the 
most popular being thiol-functionalized organics; encap-
sulation in the water pools of reverse microemulsions; and 
dispersion in polymer matrixes [18]. The thiol-functional-
ized organic compounds are highly reactive chemically and 
pose potential environmental and biological risks. It is well 
known that capping ligands attached on the nanostructure 
surface have strong effects on the size, morphology, and 
compatibility of nanostructures with different chemical 
mediums [19]. Therefore, it is of great importance to have 
a proper selection of appropriate capping ligands, which 
would lead to the desired particle structures. Sodium cit-
rate is one of the most common agents used in the synthe-
sis of metallic and semiconductor nanostructures because 
Abstract The CdTe nanocrystals were successfully syn-
thesized using a facile room temperature method with 
non-toxic and environmentally friendly capping agent. The 
obtained CdTe nanocrystals were characterized by UV–Vis 
absorption spectroscopy, transmission electron microscopy, 
and z-scan technique. A photoluminescence peak with full 
width at half maximum of around 15 nm could be obtained, 
which indicates a homogeneous and narrow size distribu-
tion for the CdTe nanocrystals. The magnitude and sign 
of the third-order nonlinear refractive index (n2) and non-
linear absorption coefficient (β) of the CdTe nanocrystals 
were determined by using of the closed- and open-aperture 
z-scan at different intensities, respectively. The negative 
sign of n2 indicated that there is a self-defocusing effect 
in the sample. The nonlinear refractive index, n2, and 
the nonlinear absorption coefficient, β, were in order of 
10−7 cm2W−1 and 10−2–10−3 cmW−1, respectively.
1 Introduction
In the last decade, the optical properties of semiconductor 
nanocrystals have been widely investigated due to their pos-
sible application in fields of optoelectronic, photo-catalysis, 
and biological labeling [1]. The semiconductor nanocrys-
tals or quantum dots have different application ranging 
from optoelectronic devices [2–5] to cancer treatments [6]. 
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it can act as a reducing reagent and/or as a capping agent 
[20–23]. This capping agent provides the nanoparticles 
with sufficient electrostatic stabilization to avoid agglom-
eration for long periods of time. It also plays a key role in 
the growth process and the photoluminescence quantum 
yields of aqueous CdTe nanocrystals [12, 13]. In this work, 
a green room temperature method using the sodium citrate 
as a capping agent for environmentally friendly synthesis 
of CdTe nanocrystals is introduced.
Also, optical properties of nanocrystals depend on elec-
tronic structure, chemical compound, and nanocrystals sizes. 
Recently, nanometer-sized semiconductor materials have 
been intensively investigated since they exhibit large optical 
nonlinearity and fast response time due to their novel elec-
tronic structures originated from quantum confinement and 
interfacial effect [24]. Therefore, we investigated the nonlin-
ear optical properties of CdTe nanocrystals that prepared by 
chemical method, such as the sign and magnitude of both the 
nonlinear absorption and refractive index and linear absorp-
tion. The refractive index of these materials, which is partly 
dependent upon the input intensity, has either a focusing or a 
defocusing effect on the incident laser beam. This nonlinear 
refractive index is a highly important parameter in design-
ing optical devices [25]. Different techniques for measur-
ing nonlinear refractive index of the material have been 
employed, each technique having its advantages and disad-
vantages. These techniques include nonlinear interferometry 
[26], degenerate four-wave mixing [27], nearly degenerate 
three-wave mixing [28], ellipse rotation [29], and beam dis-
tortion measurements [30]. Here we utilize a technique for 
this purpose which is known as z-scan [25, 31]. The z-scan 
technique, based on principles of spatial beam distortion, pro-
vides a simple sensitive tool for determining both the nonlin-
ear refractive index and the nonlinear absorption coefficient.
2  Experimental
All chemicals including cadmium perchlorate hexahydrate 
(Cd(ClO4)2·6H2O), tellurium (Te) powder, tri-sodium cit-
rate dehydrate (C6H5O7Na3·2H2O), sodium borohydride 
(NaBH4), NaOH, and HCl with the highest purity available 
were purchased from Merck Co. (Darmstadt, Germany) 
and used without further purifications.
Sodium borohydride (2.0 mmol) was reacted with tellu-
rium powder (0.5 mmol) in a 50.0-mL round-bottom flask 
containing 10.0-mL ultra-pure water and under N2 atmos-
phere to produce sodium hydrogen telluride (NaHTe). 
The reaction flask was kept in an ice bath at 5.0 °C. After 
24.0 h, sodium tetraborate was produced as white precipi-
tate at the bottom of the flask and the color of the solution 
changed to a faint pink. The synthesis of CdTe nanocrys-
tals was based on the reaction of cadmium perchlorate 
hexahydrate (Cd(ClO4)2·6H2O) with sodium hydrogen tel-
luride (NaHTe). All reactions were carried out in oxygen-
free water under nitrogen. In a typical synthesis, 3 mL of 
Cd(ClO4)2·6H2O solution (0.05 molL−1) was added under 
stirring to a 20 mL aqueous solution of sodium citrate 
(0.1 wt%) at room temperature. The solution is placed in 
a three-necked flask fitted with a septum and valves and is 
deaerated by N2 bubbling for 30 min. Under stirring, 1 mL 
of freshly prepared NaHTe solution (0.05 molL−1) was 
injected into the solution together with a slow nitrogen flow 
for 30 min. At this stage, the color of the solution changed 
from clear to transparent light brown. This coloration 
change is believed to be due to the nucleation and growth 
of citrate stabilized CdTe nanocrystals.
Absorption measurements were carried out on a Perkin-
Elmer Lambda 25 spectrophotometer using a quartz cell 
with an optical path of 1 cm. The morphology and size 
distribution of the CdTe nanocrystals were determined by 
a Hitachi H-800 transmission electron microscope (TEM) 
at an operating voltage of 200 kV. Samples TEM were 
prepared by putting a drop of the colloidal solution on a 
copper grid coated with a thin amorphous carbon film. The 
excess solvent was removed using a filter paper and letting 
the solvent evaporate at room temperature. X-ray diffrac-
tion (XRD) pattern was recorded with an automated Philips 
X’Pert X-ray diffractometer with Cu Kα radiation (40 kV 
and 30 mA) for 2θ values over 10–70°. The investigation of 
the nonlinear optical characteristics of the CdTe nanocrys-
tals suspensions was carried out using the CW He–Ne laser 
and the transmission z-scan technique.
The z-scan technique is one of the best ways for the non-
linear absorption and refraction coefficient measurement. 
The basis of this method is the changes in a TEM00 Gauss-
ian beam profile that traveling in the z direction, when the 
sample moves back or forth along the z-axis near the focal 
point [32].
Now consider a sample with third-order nonlinearity 
where refractive index is
where n0 is the linear refractive index, I denotes the inten-
sity of incident light at the entrance plane of sample, and 
Δn is the refractive index change.
When the sample was positioned near the beam waist, the 
transmittance was measured with a power meter behind an 
aperture. The sample was moved along the direction of beam 
propagation, the z direction, and the transmittance versus 
sample position gives information about the nonlinearities. 
The beam transmitted from a lens or a sample changes in the 
phase but does not influence its Gaussian shape. The laser 
radiation was focused by an 8-cm focal length lens.
This method involves two experimental setups: First, a 
closed-aperture setup is used for calculating the sign and 
(1)n(I) = n0 +�n = n0 + n2I
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magnitude of nonlinear refraction index (n2), and second, 
an open-aperture setup yields the nonlinear absorption 
coefficient (β). The experimental setup for z-scan is sche-
matically shown in Fig. 1.
The value of aperture linear transmission, S, is 0.13. The 
nonlinear refraction index (n2) can be calculated from the 
peak-to-valley height (ΔTp–v) of the normalized smoothed 
curve of experimental points as follows [33]:
where ΔTp–v is the difference between the normal-
ized peak transmittance and valley transmittance, 
f = 0.406(1− S)0.25 is an experimental constant, and ΔΦ0 






α (α is the linear absorption) is 
the effective thickness of the sample, I0 = 2P0/πw20 is the 
incident illumination intensity at focal point, P0 is the laser 
power, w0 = 32 μm, and L = 1 mm is the length of the 
sample.
The second setup, which is open aperture, yields the 
nonlinear absorption coefficient (β) was measured without 
an aperture (s = 1, the total transmittance without the aper-
ture). The normalized transmittance under open-aperture 
conditions is given by










2 is the 
diffraction length of the beam, β is the nonlinear absorp-
tion, and k = 2π
/
 is the wave vector [34].
3  Results and discussion
Figure 2a shows UV–Vis absorption spectrum of the 
citrate-capped CdTe nanocrystals recorded at room 
temperature. The CdTe nanocrystals solution show a 






well-resolved absorption maximum of the first electronic 
transition indicating a sufficiently narrow size distribu-
tion of the CdTe nanocrystals, which shifts to the shorter 
wavelengths with decreasing size of the nanocrystals as 
a consequence of the quantum confinement. The rela-
tive sharpness of the absorption edge is attributed to the 
formation of the CdTe nanocrystals with a narrow size 
distribution. So there is a blue shift of at least 250 nm, 
0.75 eV in energy, in comparison with that of the bulk 
CdTe at 800 nm (1.5 eV). This blue shift in the absorp-
tion edge is most probably due to the quantum size effect 
as expected from the nano-sized nature of the CdTe 
nanocrystals [2].
The photoluminescence (PL) measurements were taken 
to study the optical properties of the CdTe nanocrystals. 
The PL measurements were carried out at room tempera-
ture, and the excitation wavelength was 400 nm. As shown 
in Fig. 2b, the PL spectrum is dominated by a single large 
peak centered in 550 nm. Also, the full width at half maxi-
mum of this PL spectrum exhibited a very slight broaden-
ing of a few nanometer indicating a sufficiently narrow size 
distribution of the CdTe nanocrystals.
Fig. 1  Systematical setup of 
closed-aperture z-scan tech-
nique
Fig. 2  UV–Vis absorption (a) and PL (b) spectra of the citrate-
capped CdTe nanocrystals taken as prepared
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A typical TEM image of the CdTe nanocrystals is dis-
played in Fig. 3a. In general, the CdTe nanocrystals are iso-
tropic in shape. As we anticipated from the absorption data, 
the characteristic spherical CdTe nanocrystals are observed 
with a relatively narrow particle size distribution (2–11 nm 
range). A histogram of the CdTe nanocrystals size distri-
bution is also presented in Fig. 3b. The average nanocrys-
tals diameter observed is 5.3 nm (standard deviation, 
SD = 2.6 nm), and more than 93 % of the CdTe nanocrys-
tals are in the size range from 2 to 9 nm, indicating a rela-
tively monodispersity of the CdTe nanocrystals formed in 
the system.
XRD pattern of the CdTe nanocrystals was shown in 
Fig. 3c. The standard XRD pattern for CdTe (Joint Com-
mittee for Powder Diffraction Standards, JCPDS card No. 
10-0207) is given at the bottom of Fig. 3c. The three broad 
peaks observed in the diffractogram at around 23.7°, 39.4°, 
and 46.6° reveal a cubic lattice structure of CdTe. These 
peaks can be assigned to the planes (111), (220), and (311), 
respectively, of the cubic phase [12]. From the full width at 
half maximum of diffraction peaks, the average size of the 
CdTe nanocrystals was calculated using the Debye–Scher-
rer equation [35], as around 5 nm.
We calculate the linear absorption α = 1.03 (cm−1) by 
measuring output power with a sample as a function of the 
power without the sample in low powers.
Also, the experimental results show that the effective 
length (Leff) is obtained as 0.95 mm by the linear absorp-
tion. Figure 4 shows the curve of normalized transmit-
tance of closed-aperture z-scan in different intensities of 
focal point (with 80-cm focal length). The curve is char-
acterized by a pre-focal peak followed by a post-focal 
valley, indicating that the nonlinear refraction of the 
samples is negative and belongs to self-defocusing non-
linearity [36, 37]. Because of the small value of β in our 
experiments, the closed-aperture z-scan curve obtained 
is relatively symmetrical in shape [38]. We obtained the 
quantity of ΔTp–v by Fig. 4. Then the nonlinear refrac-
tive index (n2) of the CdTe nanocrystals is calculated by 
Eqs. (2) and (3) and is reported in different intensities in 
Table 1.
Figure 5 shows the open-aperture data, where s = 1. 
The solid curve is fitted by using Eq. (4) together with the 
experimental parameters. The normalized transmittance is a 
function of the sample position z. The sign of β is positive 
because we have valley in open figures. This result suggests 
that this nonlinearity is mainly due to two-photon absorp-
tion process [39]. The nonlinear absorption coefficient (β) 
was calculated from Eq. (4). Calculated values of nonlinear 
absorption coefficient at different intensities are shown in 
Table 1.
Fig. 3   a Typical TEM image, b histogram of the particles size distri-
bution, and c the XRD pattern of the citrate-capped CdTe nanocrys-
tals
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4  Conclusion
In summary, the CdTe nanocrystals were prepared by a 
green room temperature solution method. Structural meas-
urements through XRD analysis demonstrated that the 
synthesized CdTe nanocrystals have a cubic structure. The 
size of these nanocrystals was found to be in the range of 
2–11 nm as analyzed using transmission electron micro-
graphs. The third-order nonlinear optical properties of 
the CdTe nanocrystals were determined by using the sin-
gle beam z-scan technique, and according to the obtained 
data from closed-aperture z-scan, n2 has negative sign. 
The negative sign of n2 indicates that this material exhib-
its self-defocusing optical nonlinearity. According to the 
open-aperture z-scan results, the sign of β is positive. 
This indicates that two-photon absorption is the dominant 
absorption effect in these intensities.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
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